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Abstract. The forward-backward asymmetry of the process
e*e™ -+ Z — bb has been measured using events collected
by the DELPHI experiment during the 1991 and 1992 LEP
runs. This data sample corresponded to 884 000 hadronic
Z decays at a centre-of-mass energy +/s ~ Mgz . The
tagging of b-quark events was performed using two ap-
proaches; the first was based on the semileptonic decay chan-
nels b —» X +p and b — X + e, the second used a lifetime
tag with jet-charge reconstruction. The results of these two
methods were combined to give

A% = 0.107 + 0.011(stat. + syst. + mizing).

With the semileptonic sample, the forward-backward
asymmetry of the process e'e™ — Z — ¢ was also mea-
sured to be

AL, =0.083 + 0.022(stat.) + 0.016(syst.).

The effective value of the Weinberg mixing angle derived
from these measurements was

sin?0F, = 0.2294 % 0.0021.

1 Introduction

For the reaction ete~ — Z — bb, the distribution of the b-
quark angle 8, relative to the e~ direction can be expressed
as:

do
dcos 8,

8 -
x 1+ cos? 9b+§A§’:‘1’3 cos Bp. )

In the context of the Standard Model the parity violating
asymmetry term AP, is related to the vector (vs) and axial
(ay) couplings of the fermions to the Z boson. To lowest

order A, at \/5 = My is given by
AbD o § 2aeve
B4 a2 +02 a2+

Zabvb

Higher-order radiative corrections modify the tree-level re-
lations. The electro-weak corrections can be accounted for
using an analogous relation for A% , but with modified cou-
plings ¥¢,ay for the fermions, and an effective value 93; £f
of the Weinberg angle defined by

Uy s 2nf
=1-4 sin” 6
i IQf| 1 eff

where gy is the electric charge of the fermion. All the effects
due to the top-quark and Higgs-boson masses are contained

in this effective quantity. The forward-backward asymmetry
in Z - bb events has a high sensitivity to sin® Gj: ¢~ There-

fore the precise knowledge of AP allows an accurate test
of the Standard Model. B

In this paper, a measurement of A%, at LEP with the
DELPHI detector using events collected in 1991 and 1992
is presented. Two independent techniques were followed to
perform this measurement. The first used the semileptonic
decays of the b-quark into muons and electrons, exploiting
the charge correlation between the parent b-quark and the
decay lepton. Similar analyses have been previously pub-
lished, by DELPHI using muonic events collected in 1990
[1], and by other LEP experiments {2, 3, 4]. The second
approach exploits a decay tag using a high-resolution vertex
detector to select an enriched B-sample, and was used in
[5]. The original b-quark charge was obtained using a hemi-
sphere jet-charge algorithm. In both approaches, the thrust
axis of the event [6] was used to approximate the original
b-quark direction.

2 Event selection
2.1 The DELPHI detector

The reference frame used in the present analysis has the z-
axis along the beam direction and oriented with the incoming
e~ . The polar angle 8 is defined with respect to the z-axis,
and the azimuthal angle ¢ in the R¢ plane perpendicular to
the beam.

The DELPHI detector has been described in detail else-
where [7]. Only those components which were used in this
analysis are discussed here. The tracking of charged particles
was accomplished with a set of cylindrical tracking detectors
whose axes were oriented along the 1.23 T magnetic field
and the direction of the beam. The Vertex Detector (VD),
located nearest to the LEP interaction region, consisted of
three concentric layers of silicon microstrip detectors at av-
erage radii of 6.3 cm, 8.8 cm, and 10.9 cm covering the
central region of the DELPHI apparatus at polar angles
between 27° and 153°. A beryllium beam pipe with a radius
of 5.5 cm was installed in 1991, which allowed the inner-
most layer of silicon microstrip detectors to be added at a
radius of 6.3 cm. Outside the VD between radii of 12 cm
and 28 cm was the Inner Detector (ID), which was composed
of a jet chamber giving up to 24 measurements in the R¢
plane. The VD and ID were surrounded by the main DEL-
PHI tracking device, the Time Projection Chamber (TPC),
which provided up to 16 space points between radii of 30 cm
and 122 cm. The Outer Detector (OD) at a radius of 198 cm
to 206 cm consisted of five layers of drift cells. In the for-
ward regions two sets of tracking chambers, at + 160 cm



572

and + 270 cm in z, completed the charged-particle recon-
struction at low angle. The average momentum resolution of
the tracking system was measured to be o,/p = 0.001 p (p
in GeV/c), in the polar region between 30° and 150°. After
the alignment corrections had been applied, the resolution
of the extrapolation to the event vertex was measured using
high-momentum muons from Z — p*u~ events. The value
of (26 +2) um [8] for the asymptotic charged-particle frack
extrapolation error was obtained.

The muon identification relied mainly on the muon
chambers, a set of drift chambers with three-dimensional
information situated at the periphery of DELPHI after ap-
proximately I m of iron. One set of chambers was located
20 cm before the end of the hadronic calorimeter, two fur-
ther sets of chambers being outside. In the Barrel part of
the detector ( |cos | < 0.63) there were three layers each
including two active planes of chambers. The two external
layers overlap in azimuth to avoid dead spaces. In the For-
ward part, the inner and outer layers consisted of two planes
of drift chambers with anode wires crossed at right angles.
The resolution was 1.0 cm in z and 0.2 cm in R¢ for the
Barrel part and 0.4 cm for the Forward one. Near 90° to the
beam, there were 7.5 absorption lengths between the inter-
action point and the last muon detector.

The electromagnetic calorimeter in the barrel region
(lcos 8| < 0.73) was the High density Projection Chamber
(HPC), situated inside the superconducting coil. The detec-
tor had a thickness of 17.5 radiation lengths and consisted
of 144 modules arranged in 6 rings along z, each module
was divided into 9 drift layers separated by lead. It pro-
vided three-dimensional shower reconstruction. In the for-
ward region (0.80 < |cosf| < 0.98) the electromagnetic
calorimeter FEMC consisted of two 5-meter diameter disks
with a total of 9064 lead-glass blocks in the form of truncated
pyramids, arranged almost to point towards the interaction
region.

2.2 The sample of hadronic events

For the reconstruction of the hadronic events, the following
selection was applied:
Charged-particle tracks were required to have:

1. a polar angle such that |cos 8| < 0.93;

2. a track length between the first and last measured point
larger than 30 cm;

3. an impact parameter in R¢ less than 5 cm and in |2] less
than 10 cm;

4. a momentum p greater than 0.2 GeV/c with a relative
error 22 less than 1.

Neutral clusters were required to:

1. be detected by the HPC or the FEMC,;

2. have polar angle such that |cos 8| < 0.98;

3. have an energy greater than 0.8 (0.4) GeV in the barrel
(end-caps).

Hadronic events were selected which contained:

1. at least 7 accepted charged particles;

2. a total measured energy of these charged particles (as-
suming pion masses) larger than 0.15 /s;

The 7+7~ and photon-photon final states remaining after the
energy and multiplicity cuts represented a negligible fraction
of the selected sample (below 0.1%).

Only the data collected near the Z peak (91.27 £ 0.2)
GeV were used in the present analysis corresponding to a
sample of 689 000 (195 000) hadronic events respectively
for the 1992 (1991) data.

The JETSET 7.3 model [9] was used to generate Monte
Carlo events. The Lund symmetric fragmentation function
[9] described the hadronisation of the u, d, s quarks while the
fragmentation of heavy quarks, ¢ and b, was parameterised
by a Peterson function [10]. In this analysis, the simulated
events were reweighted to match the most recently measured
values. The corresponding fragmentation parameters and the
semi-leptonic branching ratios used are given in section 3.2.
The response of the DELPHI detector to the generated events
was simulated using the program DELSIM [11]. For most of
the studies presented below, samples of 466 000 simulated
events for 1992 and 171 000 events for 1991 were used.

3 AP® measurement using leptons

The main kinematical variable used to measure the flavour
composition of the leptonic events was the transverse mo-
mentum of the lepton with respect to the closest jet. The
value of this variable depends on the jet reconstruction al-
gorithm. Jets were reconstructed using the JADE algorithm

2

[12] with a scaled invariant mass cut yg,; = —Em—z—’i— > 0.01.
Charged and neutral particles were used for thgsjet recon-
struction. The transverse momentum, p;, of the lepton is
defined as the momentum transverse to the jet axis when the
lepton is excluded from the jet definition. Leptons having
an angle greater than 90° with this jet axis were rejected.
When the lepton was the only particle in the jet, it was asso-
ciated to the closest jet in the same hemisphere, defined by
the plane perperdicular to the thrust axis at the production
point. If the lepton was the only particle of the hemisphere,
its p; was set to 0. This algorithm was chosen so as to opti-
mise the sample purity and showed good agreement between
data and predictions from simulation.

To ensure a good determination of the jet and thrust
polar angle 67, the analysis was limited to events with
[cosBp| < 0.9 for the p sample. As electrons were only
identified in the barrel region, a cut |cosfp| < 0.7 was
applied in that case to avoid artificially enriching the sam-
ple with events with high sphericity. Events with more than
one lepton candidate were used once per candidate. This ap-
proach reduces the efficiency dependence of the result. It has
been checked that there is a negligible difference between
the statistical precision obtained by this method and by the
one using only one lepton candidate per event.

3.1 Lepton identification

3.1.1 Muon sammple. Muon candidates were identified using
the muon chambers. The tracks found in the central detectors



define a road along which hits in the muon chambers were
searched for. The identification algorithm was described ex-
tensively in [13]. Muon candidates with momentum above
3 GeV/c and in the region of good geometrical acceptance
were selected. It was required that 0.03 < {cos§,| < 0.6 or
0.68 < |cosf,| < 0.93 where 6, was the muon polar angle.
The efficiency of the muon identification for this sample was
estimated to be (86.4+0.3)% in the simulation.

The identification efficiency for muons was checked in
Z — ptp~, Z — v~ and vy — ptp~  events. The
ratio of the efficiencies in the data and in the simulation
was (97.92:0.5)% above 35 GeV/c and (96.242.5)% be-
low 35 GeV/c with a small # dependence. Corrections
were made for these efficiency discrepancies between data
and simulation. To determine from the data the efficiency
of the identification algorithm in hadronic events, the num-
ber of reconstructed J/v events was measured, request-
ing that one or two muons be identified. An efficiency of
(86.84+4.0)% was found while the simulation predicted a
value of (86.2+4.9)%. From these studies, the relative un-
certainty on the efficiency was estimated to be +3%.

Since the difference between the number of positive and
negative particles was computed in small & intervals, the

sensitivity to the efficiency was small, but to extract the

experimental b-quark asymmetry APo™® from the observed

asymmetry, the correct description of the fraction of back-
ground in the sample was needed. The contamination from
misidentified hadrons arose partly from the decay of pions
and kaons, but mostly from high-energy hadrons which inter-
acted deep in the calorimeter and generated ‘punch-through’.
The decays of 7 particles into three pions were used to
check that the rate of pion misidentification was properly
estimated by the simulation program. For example, in the
1992 data sample, the fraction of misidentified pions ob-
tained was (0.9240.16)% while it was (0.8340.08)% in the
simulation. The same conclusion was obtained with a pion
sample coming from K g decays.

To monitor the description of the background, the num-
ber of muon candidates normalized to the number of hadronic
Z decays was compared between data and simulation in dif-
ferent kinematical regions. The high-p, high-p, region was
used to define an overall efficiency, while the low-p, low-
p; region, highly sensitive to the background level, allowed
a fine control of the background description. The results
found were compatible with the previously mentioned effi-
ciency difference between data and simulation. The shape of
the data distributions were seen to be compatible with the
background level predicted by the simulation. A systematic
error of £15% has been attributed to the estimated hadronic
background.

Most of the high momentum particles genarating the
‘punch-through’ were correlated in sign with the initial quark
of the event. The tracks involved in this charge correlation
are mostly kaons coming from e*e™ ~— Z — bb(b— ¢ —
s),ete” - Z —ce(c— s)orete” — Z — 535 events.
The simulation was used to estimate the contribution of the
fake muons to the observed asymmetry as described in sec-
tion 3.3.

Another important point for this analysis is that the cor-
rect charge be assigned to the particles. For charged particles
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in the kinematical region of the leptonic sample no error in
the charge attribution was observed in DELPHL.

Taking into account all selections applied to the muon
sample (hadronic selection, track selection, angular and
momentum selection), a total identification efficiency of
(461)% was estimated for muons coming from direct b
semi-leptonic decay. The comparison between the data and
the shape predicted by the simulation for the p and p, spectra
is presented for the muon sample on figures 1 and 2, and on
figures 3 and 4 for the electron sample (see following sub-
section). The corresponding cos 01 distributions are shown
on figures 5 and 6.
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3.1.2 Electron sample.Electron candidates were identified
by combining the electromagnetic shower information from
the HPC with the track ionization measured by the TPC.
The probability of the electron hypothesis was computed by
comparing the track and shower parameters (momentum-
energy, coordinates), monitoring the longitudinal shower
development and comparing the energy loss by ionization
inside the TPC with the electron hypothesis. To ensure
a good detector acceptance and a reasonable background
level, candidates were selected with p > 3 GeV/c and
0.03 < [cos fe| < 0.70. The efficiency of the electron iden-
tification for this sample was estimated to be (56.4£0.3)%
in the simulation.

A sizeable fraction of these electrons originate from pho-
ton conversions in the detector. These were discarded by re-

jecting all track pairs which formed a secondary vertex and
whose invariant mass was compatible with zero. The rejec-
tion efficiency for these conversion electrons was estimated
as 70% and in the simulation only 3% of electrons from b
semileptonic decays were rejected. A 20% uncertainty in the
number of electrons originating from converted photons and
left in the final sample was estimated by a comparison of
the data and the simulation in the low-p, low-p; kinematical
domain where this source is dominant.

A study of electrons from Compton and Z — 7+7~ events
showed that the efficiency was lower in the data than in the
simulation with a ratio of (9242)% which has been corrected
for.

The background was checked with pions from K° de-
cay and the probability of misidentification was found to be
(0.60+0.17)% in the data, compatible with the prediction
from the simulation.

A further check of the sample was performed using the
two independent means of electron identification provided by
the HPC shower measurement and by the track ionization in
the TPC, following the method described in reference [13]. A
misidentification probability of (0.594+0.07)% was obtained.

Taking into account all the selections applied on the
electron sample (hadronic selection, track selection, angular
and momentum selection), a total identification efficiency of
(23£1)% was estimated for electrons coming from b semi-
leptonic decay. The comparison between the data and the
simulation shape for the p and p; spectra is presented for
the electron sample in figures 3 and 4, the cos 6 distribu-
tion is in figure 6.

From these studies the relative error on the electron ef-
ficiency was estimated to be +3%. The relative error on
the contamination from converted photons and mis-identified
hadrons was taken to be +20%.

3.2 Lepton sample composition

Several channels lead to leptons in the final state, as shown
in table 1.

Processes of the first group in table 1 represent the signal.
They give final-state leptons with the same sign as the initial
b-quarks and are denoted by the weight f5.

The total observed asymmetry is given by

> fo AR

z=b,be,c,bg

obs _
AFB -

where the fractions f, associated to each channel depend
on the kinematic domain selected. The experimental b-quark
asymmetry is then

_ b
Abb,exp _ Al(;BS - ZI:bC,C,bg fIAlgB @)

FB = 7

b

where f; is the weighted sum over the first 4 processes of
table land 3 . ., fzAfg 1S the contribution of the other
processes to the observed asymmetry.

Assuming the fixed relation between A%, and Ag’e’(p given
by the electroweak couplings in the framework of the Stan-
dard Model gives:
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Table 1. Classes definition and composition of the lepton samples in different kinematical domains. ( ptin
corresponds to the transverse momentum when the lepton is included in the jet. The p; cuts are in GeV/c)

Type of process "x” Value of their  Composition of the samples in %
asyminetry forl=p forl=e
AR Nocut p¢ Din Nocut p¢ Ptin
>16 >1 >16 >1
fo: bl AP 319 753 723 297 788 760
b— 11"
b—&— 1~
boé—71" —17
Soe : l:: —E— 1 —Ag';‘“p 113 38 5.7 8.6 34 4.9
b—mC— 7™ =17
fe: E— 1 —Af 15.1 6.0 4.7 12.0 52 42
[ e
fog :  Total Background A;f} 41.7 14.9 17.3 497 12.6 14.9

Number of data candidates 58633 13214 12921 30971 5379 5426
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: A b5, b5,
Aig = "—“(1 “2v) AFBexp = App?

where (1 — 2x) is the correction factor which is required

to take account of Bs(d)Bs<d) mixing. A value of the mix-
ing parameter corresponding to the LEP average [14] of
x = 0.115 4+ 0.011 was used. The error on x introduced
a negligible error (£0.03) on ¢, (=0.89) and was therefore
neglected. The value of A = 0.673 (0.654) was obtained us-
ing the program ZFITTER [15] at /s = 91.28 (91.23) GeV,
corresponding to the mean energy for the 1992 (1991) data
sample. For this estimation using the Standard Model, the
following values have been considered [16): Z° mass Mz =
91.18740.007 GeV/c? , top quark mass My = 16616419
GeV/c? , Higgs mass Myggs = 3007755 GeV/c? and QCD
coupling constant o = 0.120 £ 0.006. The variation of A as
a function of /s was taken into account. The variations on
the above Standard Model parameters introduced changes
in A smaller than 4-0.01 and were therefore neglected. This
relation introduced in equation (2) gives :

~ bg
Abb,exp _ A BS - fbgAFB
o — foe — cefe

where AE’;; stands for the asymmetry of the background. The
coefficients fp, foe, fe, and fig, are functions of the kine-
matic domain considered; their estimates depend on the de-
tails of the simulation. These coefficients are particularly
dependent upon the quantities discussed in the following
sections.

(3)

3.2.1 The fractz'ons of ¢ and bb produced in the Z decay.
For 1“; and # the Standard Model values of 0.217
+ 0.003 and 0. 171 + 0.014 respectively were taken. The
errors correspond to the precision currently reached at LEP
on these quantities [16].

3.2.2 The value of the beauty semileptonic branching ratio.
The variation of the sample composition as a function of the
kinematical cuts is sensitive to the lepton spectra in the B
rest frame. Two decay models were considered to study this
systematic effect (following the work done by CLEO [17]).
The first is based on the ISGW model of Isgur et al [18],
with the fraction of D** fixed to 32% as fitted by CLEO
[17] ASGW** model). The second model considered is the
one developed by Altarelli et al. [19] (ACCMM model).

The latest LEP results [2, 20, 21, 22] for the semi-
leptonic branching ratio of B decays were used, giving the
two sets of numbers quoted in the second column of table
2.

The central value for Abb “® and AL, given in this analy-
sis will be the mean of the results corresponding to these two
models with a systematic error estimated as half of the dif-
ference. For each model, the corresponding set of measured
parameters (shown in table 2) were used to take correctly
into account the correlations between the different measured
parameters.

3.2.3 The relative contribution of leptons from cascade de-
cays.The b — ¢ — " branching ratio was extracted from
the same LEP analyses as b — [ [2, 20, 21, 22]. The LEP
averages used in this analysis are quoted in the third column
of table 2. From the numbers given by CLEO [17], it is pos-
sible (as described in reference [13]) to extract a branching
ratio for b — ¢ — I* of 8.5% and for b —» ¢ — ™ a value
of 0.9%. The errors on these evaluations are large given the
extrapolation of the b sample composition from the T'(45)
to the Z. As no experimental result from LEP is available
for b — ¢ — [, the value 0.9% was used with an error of
+ 0.5%.

3.2.4 The value of the charm semileptonic branching ratio.
For ¢ — [ the value of 9.5 + 0.9% from ARGUS [23] was
used. To describe the lepton spectra in the I decays a fit
to the DELCO [24] and MARKIII [25] data was performed
with the ACCMM model giving a set of ACCMM parame-
ters, namely the mass (mg) of the quark produced in the ¢
decay and the Fermi momentum (py) of the spectator quark.
To take into account the effects of the knowledge of the lep-
ton spectra in the D rest frame, the approach proposed by
the LEP-electroweak group [26] was used: two other sets of
ACCMM parameters, corresponding to a one standard devi-
ation variation, were considered to estimate the systematic
error and will be used in section 3.4. The same decay model
was used for the semi-leptonic decay of the D in the cascade
decay b — ¢/¢ — L.

3.2.5 The hardness of the b and ¢ fragmentation. The Peter-
son fragmentation function [10] was used for the b-quark
with €, as given in table 2. These values take into account
the tuning of the DELPHI simulation, and correspond to the
mean energy < Xg(b) > taken by a b hadron as measured
at LEP. The values used for < Xg(b) > (shown in table
2) were extracted from the same LEP analyses [2, 21, 22]
as those used for b — [~ and b — ¢ — [*. For the
ete” — Z — ¢C events the Peterson fragmentation func-
tion with €, = 0.064"%%, was used. This value of e cor-
responds to < X (D*) >= 0.495 &+ 0.010, the mean of the
most recent LEP results on D* production [27, 28, 29].

3.3 The X fit of A%

A binned fit of the observed charge asymmetry as a function
of cos 61 was performed. In each bin ¢ of the space1 (cos O,
Pr, Pr) an asymmetry was measured :

ADS N7(@) — N*()
FB 7 N-@G)+ N*()

where N*(4) is the number of data events with lepton charge
sign + or — in the bin . A x? minimization was then per-

formed over the bins to obtain the asymmetry Apy®™ . The
x* was defined by

1 p; is the lepton longitudinal momentum defined by p; = /p? — p%
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Table 2. Branching ratios and fragmentation parameters used in this analysis. These numbers
correspond to the mean, extracted in the same way as in [20], of LEP results from [2, 21, 22]

Model B(b — gl— D) B(b — ¢ — sl*v) Fragmentation
(%) (%) < Xg(b) > €.10%
ISGW** 115 * 03 74 £+ 05 0714 £+ 0004 32 Z
ACCMM 110 + 03 79 £+ 05 0700 + 0004 50 * g
_ obs,i . abgi Table 3. Background contribution to the observed asymmetry as estimated
Abb,exp Wi _ A _f by AF,B by simulation using equation (6) for different kinematical domains
FB ér fb fro—cefi - . - 5
X2 - Z @) Kinematical domain fogArp
- 0112 Full sample 0.0024 £+  0.0001
¢ 8>p>3GeV/c and 0.0028 F 0.0002
where: pt <1 GeV/c
. o p> 8 Gev/c and 00048 £ 0.0004
- Wg = 3 1 an{“‘“ —ﬂE)—z takes into account the 4 Pt <1GeV/c
Miara “HISL Tecos(O} ) P> 3 Gev/e and 00019 <+  0.0001

dependence of the asymmetry.

— o is the error including effects from both data and sim-
ulation statistics.

— the other parameters have the same definition as in equa-
tion (3). The different f: were determined from the sim-
ulation.

The simulation estimates

Nbg, Nbg +
b

bj bgAF% Ji bg Nbg
averaged over the full p,p; spectrum. As noted in section
3.1.1, the simulation predicts a charge correlation between
the initial quark and ‘punch-through’ tracks with high p,
p;. For this reason A%’ must be known in each p,p; bin.

To optimize the estimation of A%’ in the simulation, the
charge correlation between a background track and the initial
quark was evaluated and, for each quark species, this corre-
lation was combined with the corresponding quark forward-
backward asymmetry. The Standard Model forward-backward
asymmetries for the different quark species have been esti-
mated by ZFITTER with the same parameters as in section
3.2. The background asymmetry can be written

b >
bg, Z WBT bg Sbg ; (6)

=0.0037 £ 0.0016 (5)

where:

- 2, stands for the sum over the different quark species.
q
-8y .=

Npg i like sig'n._ngg i, unlike sign
g, ny
number of background particles with the same or oppo-

site charge sign as the initial quark.

, where nbg i is the

For a given simulated sample the precision reached on Abg :
with equation (6) is improved by a factor ~ 10 in comparison
with that from equation (5), as no statistical error has to be
considered on A%';. The results obtained are listed in table
3.

The 1 and e data sets have been split according to the
year of data taking to allow for changes in the detector.
For each of these four samples the binning was adapted to
obtain ~ 200 events per data bin. A negligible dependence
of the resuit with the number of bins in cos 67, p;, p; was
observed. When the bin size is too wide in p, the precision
of the result deteriorates, as the leptons from b-quark decay

pe > 1.6 GeV/e
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|cos B|. Full curve: x? fit; dashed curves: one standard deviation from the
central value; data points: observed asymmetries at the center of the cosfr
bin

are not so well separated from the other leptonic classes. The
minimization of the x*> was performed on the four samples
simultaneously.

The measured asymmetry was:

A = 0,080 + 0.010(stat. b
FB 0.010(stat.) (d.o.f. 409

x? _ 414 )
The corresponding A% , obtained for different |cos 67|
values, is shown figure 7 and its stability as a function of
different kinematical cuts is shown figure 8. The mean LEP
energy corresponding to the selected sample is 91.27 GeV.
The values obtained independently for the different samples
can be found in table 4.

Other fitting methods were applied to the samples: an
unbinned likelihood fit and a ¥? fit to the cos A distribution
of the events in the high-p, region. In addition, in a separate
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Table 4. Results of the 1-parameter fit to Ag%e"p and the corresponding

value of the x2 per degree of freedom for the different samples. The mean
LEP energies were 91.28 GeV and 91.23 GeV for 1992 and 1991 respec-
tively

2

Sample A‘;%“p EXOT
©n1992 only 0084 + 0.012 233/223
e 1992 only 0.068 + 0.022 88/89
11991 only 0.081 £+ 0.026 58/55
e 1991 only 0.083 + 0.040 35/39
All samples 0.080 <+ 0.010 414/409

multivariate analysis [30], two other variables (the fraction
of the jet momentum carried by the lepton and the angle
between the lepton and the closest charged-particle track
with momentum above 1 GeV /c) were combined with p and
p: to improve the separation between leptons from b — [ and
leptons from other sources. All of these approaches gave
compatible results within their statistical and systematical
accuracy. The results obtained with the binned x? fit are
quoted in table 4. This method was chosen since it gives a
good compromise between the statistical precision reached
and the amount of input needed for the description of the
sample composition.

A two-parameter fit was also performed to measure Ajw™® and
£ simultaneously, giving:

APDE® = 0,080  0.010(stat.)

A% =0.083 £ 0.022(stat.)
X _ 413
d.o.f. 408

with a statistical correlation of 0.27 between the two param-
eters.

3.4 Systematic uncertainties

3.4.1 Production and Decay models of b and ¢ quarks. The
parameters involved in the determination of the composition
fractions f, were varied as described in section 3.2.

The dependence on the lepton spectrum model in b — [
decay was computed by considering the ISGW** and AC-
CMM models with the corresponding measured branching
ratio and fragmentation (shown in table 2). The half dif-
ference between the results obtained with these two models
was used as an estimate of the ‘b-quark decay model’ sys-
tematic uncertainty and the mean used in the derivation of
the quoted asymmetry. The results for the different models
are shown in table 5.

The part of the systematic error reflecting the current
precision on the parameters of b- and c-quarks production
and decay was +0.0021. This number corresponds to the top
part of table 6.

3.4.2 Lepton identification and background. As explained in
section 3.1, the lepton efficiency and the contamination were
varied independently. Due to the method developed to ex-
tract the asymmetries, the sensitivity to the efficiency was
negligible. A correlation between the background values in
the 1991 and 1992 samples can be expected. The contami-
nation was therefore varied at the same time for both data
sets. The variation of the background and efficiency by the
amounts given in section 3.1 changed the asymmetry by
+0.0019.

3.4.3 Background asymmetry. The contribution of the back-
ground to the observed asymmetry was estimated from the
simulation. Due to a cancellation between the kinematical
domains, dominated in one instance by leptons from charm
semi-leptonic decays and in the other by leptons from beauty
semi-leptonic decays, the background asymmetry introduced
a correction of only ~ 0.0009 to A% in the one parame-
ter fit. The background correlated in charge with the initial
quark was high in the kinematical region where charm de-
cays were important (intermediate p,p,), therefore the impact
on the measured charm asymmetry was large. To estimate
the systematic error coming from this correction, the back-
ground asymmetry obtained from the simulation was varied
by £ 50 %.

3.4.4 Reconstruction effects, binning. The systematic error
coming from the thrust axis reconstruction was estimated
using the simulation. The effect was found to be lower
than 0.0007. To completely describe the charged-track and
neutral-cluster energy a slight smearing was applied in the
simulation. The corresponding changes in the p; reconstruc-

tion induced variations of £0.0007 on Apy®® .

To check the stability of the method, the number of
events per bin was varied between 80 and 300 and, for a
given number of events per bin, the bin boundaries were
changed. The observed change was considered as the sys-
tematic uncertainty due to the variation of the sample com-
position resulting from the bin definition.



Table 5. Results for Ag%’ex" and A;% for the different b decay models
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Model Agg’exl’ Two-parameter fit
bb, z
Apy " Afg
ACCMM 0.0806 + 0.009 0.0801 + 00097 0.0801 £+ 0.0225
ISGW** 0.0801 £ 00096 0.0794 £+ 0.0097 0.0861 =+ 0.0222
Mean 0.080 +  0.010 0.080 + 0.010 0.083 + 0.022

Table 6. Different contributions to the systematic error in the x2? fit of the lepton sample. The

estimated correlation between the systematics of Af_% and A‘;%SXP in the two-parameter fit is -0.07

Changed parameters Central Variations  Fit of Two-parameter fit
value applied Ag"’z’c"p A;%‘CXP A,

b decay model <ACCMM, ACCMM,  £0.0003  £0.0003 F0.0027
ISGW** > ISGW**

¢ decay model ms=1MeV  *33Mev  £00014 +00014 F0.0013
pr=467Mev 9, MeV

Brib—1) 0.113 + 0.0034 F 0.0009 3 0.0009 4 0.0015

Br(b—c—1) 0.077 + 0.005 £+ 0.0002 £ 00002 F 0.0025

Br(b—&—1) 0.009 + 0.005 + 0.0005 £ 0.0005 =+ 0.0038

Br(c—1) 0.095 =+ 0.009 + 0.0004 £ 0.0006 F 0.0067

Iy /Thed 0.217 =+ 0.003 F 0.0003  F0.0003 £ 0.0004

Ice/Thad 0.171 + 0.014 4 0.0006 £+ 0.0007 F 0.0053

€p 0.004 4+ 0.0006 £ 00001 +£0.0001 = 0.0005

€c 0.064 + 0.015 F 0.0007 F0.0008 + 0.0001

background and +15% 4+ 0.0016 +0.0015 £ 0.0051

efficiency for Muons F3%

background and +20% + 0.0011 £ 0.0011 =+ 0.0025

efficiency for electrons F3%

background asymmetry + 50 % F 0.0004  F0.0009 =+ 00102

pt and thrust + 0.0010 £ 0.0010 = 0.0009

reconstruction

sample binning 4+ 0.0010 £ 0.0010 =+ 0.0045

total 0.003 0.003 0.016

3.5 Final result of the lepton analysis

Combining the 1991 and 1992 DELPHI lepton samples gave
the result:

AR~ 0,080 + 0.010(stat.) + 0.003(syst.).

To obtain the final value of the bb forward-backward
asymmetry, the value of A';%ex" must be corrected for the

mean BY, By, mixing found at LEP: y = 0.115£0.009 %
0.006 [14], which yields:

AE% =0.10440.013(stat.)£0.004(syst.)+0.003(mixing).

The value of AS, obtained from the lepton sample is:

AL =0.083 £ 0.022(stat.) + 0.016(syst.).

The total correlation between AZ, and A%, in the two-
parameter fit (considering the statistical, systematical and
mixing errors) was 0.19. The A value and errors, at the

precision given here, were the same for the one- and the
two-parameter fits.

4 A'ﬁg measurement using a lifetime tag

In this section a measurement of A%y is presented which is
based on an inclusive lifetime tag of B-hadrons. Because of
the finite lifetime of such hadrons, charged particles origi-
nating from their decay have large impact parameters. This
quantity was defined as the distance é of closest approach be-
tween the charged-particle track and the Z production point.
6 was given a positive sign if the particle intersected the jet
axis in front of the interaction point along the jet direction
and a negative sign otherwise. In the present analysis the
event vertex, defined as the point from which primary parti-
cles emerge, was fitted on an event-by-event basis {31] and
was assumed to represent the Z production point. Best sensi-
tivity to lifetime effects was obtained using the significance
S, defined as the ratio between ¢ and its estimated error.
This approach allowed an almost totally inclusive tag of bb
events, because § depended mainly on the lifetime rather
than on other B-hadron production and decay features, such
as fragmentation, B-hadron spectroscopy and decay modes.

The Vertex Detector provided a very precise measure-
ment of § in the plane perpendicular to the colliding beams.
Charged-particle tracks produced in the primary interaction
had a non-zero impact parameter due only to resolution ef-
fects with positive or negative values being equally likely,
while the decay products of long lived hadrons mostly had
positive values of . The negative part of the impact pa-
rameter distribution was therefore assumed to be due to ex-
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perimental resolution effects. The analysis was performed
for events having |cosfr| < 0.70 in order to match the ac-
ceptance of the Vertex Detector, and all efficiencies in the
following will be referred to this angular region.

For this inclusive approach, the determination of the
charge of the parent quark was not as direct as in the lep-
tonic analysis. A statistical reconstruction of the charge of
the original fermion was performed by using a jet-charge al-
gorithm in the two event hemispheres, defined by the plane
perpendicular to the thrust axis at the Z production point.

The analysis based on this method used the data collected
by the DELPHI experiment during 1992. The different parts
of the analysis described are the tag of bb events, the deter-
mination of the hemisphere charge and the extraction of the
forward-backward asymmetry.

4.1 B Enrichment

The probability method originally proposed by ALEPH ({32]
was used for the enrichment of b-flavour events in hadronic
decays of Z. It was assumed that the negative part of the
significance distribution did not contain any lifetime infor-
mation and was therefore representative of the experimen-
tal resolution. The significance probability density function
f(S) for primary charged-particle tracks was then obtained
by symmetrizing the negative part of the S distribution. The
probability F(Sy) that a single track with S > Sy has origi-
nated from the primary vertex is:

F(S0) = / £($)ds
S5>50

By definition, F(Sp) has a flat distribution for primary
charged particles while for particles from the secondary ver-
tices the distribution F'(Sp) peaks at low probabilities.

For a group of N tracks with positive significance, a
tagging variable F}, was defined as follows:

N—-1
Fh=1-) (-indly/j!,
3=0
N
where I = HF(Si). (N

i=1

F% represented the probability that for this group all particles
were produced at the primary interaction point. This variable
behaves as a cumulative probability with a flat distribution
between 0 and 1, provided all tracks used are uncorrelated.
Figure 9 shows the distributions of F'j; for different flavours
in simulated events. The distribution of F}; for light quarks
is approximately flat, while for b-quarks it has a sharp peak
at low values. In the construction of the resolution function
described above, f(S), the anti-b cut F';, > 0.1 was used to
suppress the residual contribution of tracks from the decays
of B-hadrons. Detailed studies on simulated events showed
that this cut reduced the fraction of b-events in the sample
to 6.5 %.

B-enrichment could be achieved by selecting events in
which samples of charged-particle tracks with positive sig-
nificance yielded low-probability values, computed using
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Fig. 9. Event probability in simulated events Fy, for tracks with positive
significance for a) light quark events, b) charm-quark events and ¢) b-quark
events

(7). In this analysis two probabilities F';y were obtained for
each event using separately the particles in the two hemi-
spheres. The event was selected if, at least in one hemi-
sphere, Fy was lower than a given cut. The B purity Pg
was defined as the fraction of bb events in the selected sam-
ple, and the B efficiency Ep was the probability of selecting
a bb event with this enrichment procedure. Both the purity
and the efficiency were derived using data, by counting the
number of selected hemispheres (N;) and the number of
events in which at least one hemisphere was selected (N,)
for a given Fy cut, then the following equations were writ-
ten:

Ni/@2Nyot) = Rypep + Ryg g
®)

NZ/Ntot = Rypep (2 — ppep) + Rqrj €q (2 — pytq)

where:

- N.o: was the total number of selected hadronic events;

- Ry; and Ry were the fractions of bb and non-bb events
respectively after hadronic event selection: they were
evaluated using simulated events and the value of I};
used in the lepton analysis; _

- € (¢4) was the probability to tag a hemisphere for a bb
(non-bb) event;

- the conditional probability e'b to tag a hemisphere when
the other has been tagged was expressed in terms of the
coefficients pp, (pg) for a bb (non-bb) event as e; = €p Pb-

For simplicity all non-bb events were grouped into one single
category. This approximation, quite crude for cC events, was
nevertheless sufficient for the purposes of this analysis. In
this notation the purity and efficiency per event of the B-
enrichment were given by:

P = NiotRypen(2 — ppes) [ N
Ep = (2 — pyep)-



Table 7. B Purity and B efficiency of the tag for different values of the
Fyr cut

method (a) method (b)
Fgcat Ppg Ep Pg Ep
0.100 0556 0775 0433 0.663
0.010 0.795 0442 0740 0.417
0.007 0.814 0379 0.784 0.367
0.003 0830 0279 0.861 0269

Table 8. Composition of the tagged sample for Fy < 0.01

Event type Py

i 0.04 £ 0.01
dd 0.04 £+ 001
s8 0.04 + 0.01
B 0.11 & 0.01
bb 0.77 4+ 0.03

The values of Eg and Pg were evaluated from data in a
way which minimized the dependence on simulation. Two
different methods were followed to solve the equations (8):

- (a) pq and ¢, were taken from simulation and p; and ¢,
were considered as unknowns;

- (b) pp and p, were taken from simulation and €, and ¢,
were considered as unknowns.

This procedure was repeated for several values of the
cut on Fy and the results are reported in Table 7. For each
choice of Fiy, the Pg and Ep values obtained from the two
methods were averaged and their half-difference was taken
as the systematic uncertainty. The corresponding statistical
error and the additional uncertainties due to experimental
errors on Z hadronic partial widths were evaluated and are
negligible.

The selection Fy < 0.01 was found to give the best
compromise between efficiency and purity for the measure-

ment of A% and was used for the present analysis. It corre-
sponded to Pp = 0.77+0.03 and Ep = 0.43+0.01. The non
b flavours were assumed to be in the proportion predicted
by Monte Carlo simulation. The sample composition after
B enrichment is shown in Table 8.

4.2 The hemisphere charge determination

The quark charge was identified by means of the jet charge
variable [33], which partly retains the quark charge infor-
mation in hadronic events. The two hemisphere jet charges
were defined as:

EiQilpi'le
R T L
> gilpi - T
= £ttt 1 T <0
RS SAE

where T was the thrust unit vector, ¢; the particle charge, p;
the particle momentum and the exponent k is a positive num-
ber. Qg referred to the forward (backward) hemisphere.
To ensure good charge sensitivity, events were accepted only
if they:

- did not contain any charged particle with reconstructed
momentum > 50 GeV /c;

581

30000 = —

s - DELPHI

20000

@& Daoto

__ Monte Carle
15000 k-
10000 [

5000 |-

o k& M A AP IR B

. RS B
=1 -0.75 -0.5 ~0.25 4] 0.25 0.5 0.75 1
a) Hemisphere

~

Tos £ DELPH]

0.8

n

g; +++++++++++++++"L”'J“Jr++++++4f+Jr++++"5rﬂ++ﬂ++++ 4
+r
05 +
0.4
0.3
Q.2

YT

=3

0 oo b by s b e by s L Lo by g L
(o} 0.1 0.2 0.3 0.4 Q0.5 0.6 0.7 0.8 0.9 1

b) | costy |

Fig. 10. a) Hemisphere charge distributions Qg for data and simulated
events, and b) Variation of C}, with jcosér|

Table 9. The_probabilities Cy (f = u,d, s,c,b) obtained from simulated
events. For bb events the value obtained from the data, as described in the
text, is also reported

Event type Cy

ul 0.756 + 0.002
dd 0.700 £ 0.002
cé 0.652 &+ 0.002
8§ 0.701 £ 0.002
bb 0.689 &+ 0.002

bb from data  0.673 £ 0.012

- had at least 4 reconstructed charged-particle tracks both
in the forward and in the backward hemispheres;

- had a sum of reconstructed charged-particle momenta
greater than 3 GeV/c in each hemisphere separately.

As described in [34], a weighting technique, not relying on
the simulation, was applied to the jet charge algorithm to
compensate for the excess of positively charged particles
induced by secondary interactions of hadrons with matter.

The b-quark direction was approximated with the thrust
axis. As the charge of the b-quark is negative, the hemisphere
with lower jet charge was assigned to it. Simulated events
were used to study the probability C, that this orientation
of the b-quark was correct. Using simulation the value of
the exponent k was tuned to optimize the probability Cy of
correct charge assignment in bb events: k£ = 0.5 was chosen.
The hemisphere charge distributions for data and simulated
events are shown in figure 10(a). The disagreement between
the width of the two distributions amounts to less than 1.5%
and was verified to have no effect in the present analysis.
The stability of Cp with respect to |cosfr| was studied on
simulated events and the variation of Cp as a function of
|cos@rp| is shown in figure 10(b). No significant variation is
observed over the range |cosfr| < 0.70. Table 9 summa-
rizes the Cy for the different quark types (f = u,d, s,c,b)
obtained with simulated events.
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The probabilities Cy depend on several physical param-
eters of the simulation which are known with large uncer-

tainties. This could give large systematic errors on A% .
Therefore C}, was measured from the data themselves and
only Cy4 were derived from simulation, their effect on the
measurement being limited by the B-enrichment procedure.
The determination of C, was based on the lepton sample of
the previous analysis. For each selected lepton, the jet charge
in the opposite hemisphere was considered. Two hemisphere
charge distributions were built up: ¢, opposite to positive
leptons and @;_ to negative ones. The leptonic sample was
composed of the following categories:

1. direct or cascade b (b) quark decays to a lepton or
misidentified hadron of negative (positive) charge;

2. direct or cascade b (b) quark decays to a lepton or
misidentified hadron of positive (negative) charge;

3. direct or cascade ¢ (c) quark decays to a lepton or
misidentified hadron of negative (positive) charge;

4. ¢ (c) quark decays to a misidentified hadron of positive
(negative) charge;

5. misidentifications in uds events with correct charge cor-
relation;

6. misidentifications in uds events with wrong charge cor-
relation;

Therefore (2;+ could be written as:

Qu =[A =i +xf1Qs + (1 — ) f2+xf1] Qp+
+f2Qe + faQc + fsQ s + f6Qh4s

Q- =[(1 =) f2 + xf11 Qe +[(A — X0 f1 + xf2] Qp+
+f3Qc + faQe + fsQh g + f6Qus

where f; ;-1,6 indicates the relative fraction of category 1,
x = 0.115 £ 0.011 is the average mixing parameter at LEP
[14]. The equations (9) could be inverted to give Q) from
which C,, was derived. The hemisphere charge distributions
Qo) fods were derived from simulation as well as the
fractions f; of lepton sample composition. By varying the
cut on the p; of the selected lepton different compositions
could be achieved. The distributions 0, obtained from the
muon sample with p;, > 1.6 GeV/c are shown in figure
11(a).

In principle a correction factor cqq should be applied
to take into account the decrease of C} in the B-enriched
sample because the lifetime tag selected higher decay times,
thus increasing the fraction of mixed B-hadrons. The effect
was studied with simulated events and no significant change
was observed. The lepton sample with p; > 1.6GeV/c was
found to give the best compromise between statistical and
systematic uncertainty, the result was:

®

C) = 0.665 + 0.014(stat.) (muon sample)
C), = 0.686 & 0.018(stat.) (electron sample)

As a consistency check the probability Cp was also evaluated
for different p; intervals of the leptonic sample. The results
obtained separately with the muon and the electron samples
are shown in figure 11(b).

The systematic uncertainties on the C}, determination re-
flect mainly the uncertainties on the lepton sample composi-
tion, as in the previous analysis. The detailed list is shown in
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Fig. 11. a) Hemisphere charge distributions, Q). as obtained from the
data for the muon sample with p¢ > 1.6 GeV/c. b) The probability Cy, for
different p; intervals, only statistical errors are reported

Table 10. Systematic error contributions to C} measurement. Uncertainty
sources common with table 6 have the same central values and the same
excursions of the parameters

Source of uncertainty ACy
Variation of Br(b — [) F0.001
Variation of Br(b — ¢ — [) <510~*
Variation of Br(b — ¢ — ) +0.001
Variation of Br(c — 1) < 510~*
Modelling of b — { decay <510~
Modelling of ¢ — { decay <510~
Variation of I'yz/Thad <510™*
Variation of I'cz/Iheq <510~*
Variation of ¢, <510~
Variation of e <510*
Variation of the background/ +0.002
efficiency for leptons

Qe¢, Qe jet charge distribution F0.001
Ctag comection for lifetime tag  F0.001

X experimental uncertainty +0.005

table 10. The shape of the hemisphere-charge distributions of
the backgrounds depended on several physical parameters,
the only significant effect was obtained varying the Peterson
fragmentation parameter for c¢ events in the above described
interval. The effect of the uncertainty on the average mixing
parameter x was also derived. Finally a systematic uncer-
tainty was estimated for the correction ¢ 4. The contribution
was evaluated by varying the Bg mixing parameter within
its experimental uncertainty [35]. The sources of systematic
uncertainties are shown in table 10. The final value after
combining muons and electrons results was

Cp =0.673 £ 0.011(stat.) & 0.003(syst.)
+0.005(mizing).
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4.3 Results

The total sample of hadronic events collected during 1992
was subjected to the event selection, B-enrichment and
hemisphere-charge determination. The charge-signed angu-
lar distribution for selected events was corrected for the an-
gular acceptance of the microvertex detector by using the
fraction of selected events as function of the |cosfp|, which
is shown in figure 12. This angular distribution was param-
eterised with a 4-degree polynomial function and the re-
sult of the fit is shown on the same figure. The experimen-
tal cosfr distribution was signed assuming that the lower
(higher) hemisphere charge corresponded to the negatively
(positively) charged fermion, namely:

c0sO = —sign(Qr — @B) - cosbr,

and the final distribution of cos® is shown in figure 13.

A x*-fit was performed on this distribution over the an-
gular region [cos@| < 0.70, to evaluate, according to equa-
tion (1), the asymmetry parameter. The result was:

Ag;my =(3.02 £ 0.46)%, Prob(xz) =0.09.

The observed forward-backward asymmetry of the B-en-
riched sample, AZ5"*, was a linear superposition of single

AﬁB asymmetries weighted with the relative B-enrichment
compositions P;. The up quarks and down quarks con-
tributed with opposite sign to the observed asymmetry. Fur-
thermore the probabilities C'; reduced the original A?’; by
a factor (2Cy —1) and the experimental observed asymmetry
was expressed as:

ABted - Zsign(—qf)PfQ Cr — DAL,
f

The asymmetry for b-quarks was then extracted assuming
the relations A%y = A%% and AY¥p = A%, = A3i,, which
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in the Standard Model are violated by bb vertex corrections
which are much smaller than the presently obtainable exper-

imental uncertainties. Putting A%, = AA%, the following
expression was obtained:

AlzjrbB =
B—t
AFB *
Po2C, — 1)+ (Zf:d,s PiCy =) =AY, Pp2Cs — 1))

with the same ratio A as used in the leptonic analysis. The
following result was obtained:

Abp =0.115 + 0.017.

4.4 Consistency checks and systematic uncertainties

The possibility of a cos©@ dependence of the B-enrichment
procedure was studied by repeating the fit in different angu-
lar regions. The results are reported in table 11. No signifi-
cant variations were observed.

The analysis was repeated for different conditions of the
tagging probability (P = 0.1, 0.006), for different momen-
tum powers (k = 0.2, 1.0) in the jet charge algorithm, and
for two different momentum ranges (0.5 GeV/c < p <
50 GeV/c and 1 GeV/c < p < 50 GeV/c) of charged-
particle tracks included in the hemisphere charge evaluation
to check its consistency. The analysis was also repeated for
a different B-enrichment technique [36] in which at least
3 tracks in one hemisphere were required to have absolute
impact parameter larger than 200pum. This enrichment pro-
vided a sample with B-purity of ~ 0.70. The corresponding
results are shown in table 12, where only the statistical errors
on AR are reported. A larger systematic error is expected

for the tagging condition Py = 0.10 because of the lower B
enrichment of this sample.
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Table 11. Dependence of the asymmetry on different cos® intervals

Angular range

B—tag
AF‘Fs’

lcos®] < 0.70
leos@| < 0.65
|cos®| < 0.60
|cos®| < 0.50
lcos®] < 0.40

0.0302 £ 0.0046
0.0265 £ 0.0050
0.0307 £ 0.0055
0.0292 £ 0.0069
0.0324 £ 0.0093

0.40 < |eos®| < 0.55  0.0202 £ 0.0082
0.55 <leos®| <0.70  0.0342 £ 0.0071

Table 12. Consistency checks on AE']’} , only the statistical uncertainty is
reported. The systematic uncertainties are not obviously the same. In par-
ticular for the enrichment cut value Frr < 0.100, due to the lower B-purity
of the sample, a much bigger systematic uncertainty is expected

Consistency check A‘I:}é
B enrichment with Fr < 0.100 0.095 £0.018

B enrichment with gy < 0.006 0.116 +0.020
B enrichment of [36] 0.100 +0.030
QHemisphere With k=02 0.113 £ 0.021
QHemisphere with k=1.0 0.123 £0.019
demisphere with k=0.5, p > 0.5GeV/c  0.112 £0.018
QHemisphe’re with k=0.5, p > 1.0GeV/c  0.114 £0.019

The different systematic uncertainties which affected this
measurement could be separated into two categories, one af-
fecting the B-enrichment procedure and the other the hemi-
sphere charge determination. The following effects were
considered for the first class:

- the variation of the acceptance correction parameters
within their errors;
- the variation of B-enrichment purity within its error.

For the class affecting the probabilities of correct charge
assignment C/, the following sources were considered:

- the statistical and systematic uncertainties in the estima-
tion of C, discussed in the previous section;

- the possible dependence of Cp, on cosfr: the effect was
studied allowing different values of Cj for various re-
gions of cosfr according to the results of figure 10.(b);

- the systematic uncertainties on C'y for u,d, s, ¢ flavours
related to the physical parameters of the simulation
(charm fragmentation, hadronization ratio %, Agep,
Matrix Element model and the so-called ‘popcorn’ pa-
rameter [37]). The variations followed the procedure de-
scribed in [38].

Finally the systematic uncertainty related to the ratio A =
%{j}; was negligible. The different contributions to the sys-

tematic error are listed in table 13. The final result of the
analysis with the lifetime tag was:

Afg’B =0.1154£0.017(stat.)£0.010(syst.)£0.003(mizing).

5 Conclusion

Using Z° hadronic decays detected in the DELPHI experi-

ment at LEP, the following results for A}%% have been ob-
tained:

Table 13. Summary of systematic uncertainties on A’li%

Source of uncertainty AAR
Angular acceptance correction 0.002
Purity of the B enrichment 0.005
Statistical uncertainty on Cp, 0.007
Systematic uncertainty on Cy 0.002
C}, dependence on cosfr 0.002
Mixing parameter x 0.003
Fragmentation (¢. = 0.064 £ 0.015) 0.002
Hadronization ratio ﬁ (0.27 — 0.36) 0.001
Variation of Agcp (240 — 400 MeV) <510
Matrix Element Monte Carlo 0.001

Variation of the ‘popcorn’ parameter(0.0 — 0.9)  0.001

— with the method based on semi-leptonic b decays (1991-
1992 data):

Abb = 0.104 + 0.013(stat.) + 0.004(syst.)
+0.003(mixing);

—~ with a lifetime tag method (1992 data):

A‘g% = 0.115 £ 0.017(stat.) £ 0.010(syst.)
+0.003(mizing).

These two results have been combined. An important part
(~ 65%) of the leptonic sample is contained in the lifetime
sample but amounts only to 6% of it. This leptonic sam-
ple has a different weight in the lifetime analysis due to the
different jet-charge characteristics of the B semileptonic de-
cays. However, the relative weight of leptonic to hadronic
events in the lifetime analysis has been estimated to be of
the order of 10% only. For a statistical correlation below
20%, no observable effect was obtained on the combined
result. Therefore the statistical correlation between the two
samples was neglected. The combined result is, taking into
account the correlation between the systematic uncertainties:

A% =0.107 + 0.011(stat. + syst. + mizing).

A value of AS; has also been extracted from the lepton
sample. Its value is

f:% = 0.083 + 0.022(stat.) £+ 0.016(syst.).

It has a correlation of 0.15 with the combined A value.
This value of AS, is compatible with the A% result within
the Standard Model framework (as shown in figure 14).

A Standard Model fit to the asymmetries obtained in this
paper, taking into account their covariance matrix, has been
performed using the program ZFITTER [15]. With My =
91.187 GeV/c?, as = 0.120, mygges = 300755, GeV/c?
and /s =91.27 +0.02 GeV, it corresponds to a top-quark
mass

Meop = 23778 (ezpt.) 15 (Higgs)GeV /c?
and to an effective weak mixing angle
sin” 05F, = 0.2294 £ 0.0021,

in agreement with the results of the other LEP experiments
[2’ 3! 47 5]'
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